scope and detail than studies of other hypothesized climate change impacts such as agricultural productivity or sea level rise. This is due to the complexity of the many indirect and feedback interactions or mechanisms, driven by a multitude of alwayschanging disease determinants. This paper proposes an integrated assessment framework for this issue, allowing identification of potentially important indirect mechanisms, identification of important research gaps, and a means of integrating targeted research from a variety of disciplines. This paper also provides a review of key literature in the context of the framework.
Background
Climate change. Weather is defined as the "large fluctuations in the atmosphere from hour-to-hour or day-to-day" (1) ; climate is the "average weather, described in terms of the mean and other statistical quantities that measure the variability over a period of time and possibly over a certain geographical region" (1) . Fig. 1 ). These modules impact epidemiologic outcomes, including mortality and morbidity rates. Figure 2 captures some of the detailed direct and indirect interactions among the modules. Any effects of climate change will probably operate on the groups of factors in different ways and will likely be nonlinear, region specific, and time dependent. In both figures, the numbers on the arrows denote important transdisciplinary influences or causal relationships. The thick arrows in Figure 2 (links 4-7) represent aggregations, where multiple factors within a module may influence multiple factors within another module. The IAF can be used to help identify key gaps in our understanding of the various factors. For example, climate change may alter the range and abundance of species present Volume 107, Number 5, May 1999 * Environmental Health Perspectives in an ecologic community. Nutrient cycle changes, community relocation, and biodiversity loss may each affect vector physiology and behavior (such as host-seeking characteristics and biting rates), vector populations (by increasing or decreasing birth or death rates), and vector migration (by changing availability of suitable habitats). Similarly, the ecologic factors may each directly influence pathogen dynamics for nonvectorborne diseases. For vector-borne diseases, the predation rate on vectors may be altered, as may the availability of intermediate hosts for directly transmitted pathogens. Another example is that the demographic and economic effects of disease emergence could impact local ecosystems through pollution and habitat loss, which in turn could alter nutrient cycles and deplete species diversity. These effects may also arise from, or be exacerbated by, human migration. As a result, the ability of a local environment to supply nutritional needs may change over time (link 7), thus altering people's ability to combat disease. The IAF takes into account this feedback loop, where changes in the incidence of disease spark social and economic changes, which may impact ecologic dynamics, cascading back into the dynamics of the disease itself. Whereas some feedback loops may operate in a positive fashion, reinforcing a deleterious effect, we expect others to operate negatively, dampening effects among modules.
The IAF identifies many pathways through which climate change may affect infectious diseases. Some of these factors may be more important than others; the IAF does not identify which factors are most critical. It is likely that the critical pathways or mechanisms may differ depending on the particular disease and/or climate scenario under consideration. In addition, it is essential to consider the role of time. Because human-induced climate change, if realized, is expected to occur decades into the future, applying the IAF requires understanding of the sociologic, ecologic, biologic, and epidemiologic context in this future time frame and ensuring that this context is consistent with the corresponding climate assumptions. Of course, it is difficult to predict future changes, so the IAF is designed to incorporate models of the better known processes while accommodating a variety of scenarios for other factors.
Literature Review
There is a great deal of research addressing many aspects of current and emerging infectious diseases, ranging from anecdotal works to case studies of epidemics to detailed models of vector physiology. However, research into the effects of climate change on infectious diseases is still in its very early stages. Tables 2 and 3 summarize some of the key studies within the context of the IAF, clearly identifying which factors have and have not been explicitly considered. Because the body of literature encompassed by the framework is large, the literature summarized here is limited to selected studies that either directly address climate change impacts on infectious diseases (arrows 1-3, Fig. 1 ), or that address one or more of the interdisciplinary IAF links (arrows 4-13, Fig. 2 ). Outside the scope of this review is the larger body of literature addressing specific single-discipline issues, such as the physiology of specific vectors, the effectiveness of mosquito control programs, or the effect of economic development on the susceptibility of the population. Although these studies would likely have a direct bearing on the magnitude of potential disease impacts, they were not framed specifically either in the context of climate change or interdisciplinary links. (47) traced the roles of environmental change (especially unusual rainfall), ungulate migrations, economic development, human demography, behavior, and travel on the dynamics and distributions of Aedes and Culex mosquito vectors, resulting in changes in endemic prevalence, epidemic frequency, and epidemic intensity.
Ecologic and sociologic factors influencing diseases. In addition to the direct climatic influences described above, there is widespread recognition that climate can affect ecologic and sociologic processes and factors, which in turn may affect disease prevalence. What is known is rather fragmentary and clearly indicates the complexities that need to be considered. Some studies shed light on both disease emergence and opportunities for integration with climate change via the links in the IAF. It is not intended that the following examples represent a complete list of such studies; rather, they are a sample covering ecologic change, economic development, migration and travel, and adaptation and control. In contrast to the disease-focused research previously reviewed, most of the literature oni ecologic and sociologic factors is targeted to specific factors or linkages.
Ecologic change. Ecologic changes can affect many of the biologic and sociologic factors influencing rates of vector-borne diseases (links 4, 5, and 7 in the IAF). Most studies of ecologic change and infectious diseases concern habitat loss. Coluzzi (48) investigated ecologic damage as a driver of malaria patterns; Lainson (49) focused on how habitat destruction has changed the incidence of leishmaniases in Amazonian Brazil; and Spielman (50) and Komar and Spielman (51) studied how Lyme disease and eastern encephalitis responded to habitat and landscape changes in New England. Ecologic changes such as nutrient cycle disruption from pollution and biodiversity loss usually receive a cursory treatment in reviews on disease emergence.
Economic development. Economic development relates to interdisciplinary factors in the IAF through links 8 and 9. The impact of economic development on sociologic factors, such as nutrition and sanitation, are critical when considering the potential effects of human-induced climate change on health, but are beyond the scope of this review. Ault (52) focused on the relationships between population growth, agricultural intensification, and malaria. High human birth rates result in agricultural intensification and land use changes, potentially altering breeding sites for malarial mosquitoes. Ault (52) argued that the eradication of malaria in developing countries could be achieved in conjunction with economic development driven by population growth. By contrast, Brinkmann (53) argued that the increased polarization of societies from economic growth could favor the transmission of diseases because the poor would become more marginalized.
Dam-building associated with economic development may have significant effects on vector-borne diseases, with reservoirs serving as breeding grounds that can increase populations of vectors sometimes 10-100-fold (54 (61) argued that the control of malaria usually focuses on identification and treatment of human populations and control of vectors and may miss important social and demographic components, including reducing the risk of exposure; reducing the forces that increase the numbers of people at risk, e.g., habitat loss and migration; and making mitigation efforts more sensitive and responsive. In addition to climatic, ecologic, and sociologic effects, Gubler and Clark (62) maintained that the spread of dengue fever in Latin America after 1970 also was due to the belief in the health community that the disease was under control and the consequent discontinuance of a concerted A. aegypti eradication effort.
In addition to vector control, infectious diseases are being combated at the molecular level. Olson (52, 53, 65, 66) . These frameworks are not disease specific, with the exception of Ault's (52) depiction of the malaria system in terms of biologic, ecologic, and sociologic factors. Ault's framework is not intended to guide integrated assessments. His framework achieves greater detail than the proposed IAF at the cost of generality to other diseases. Epstein (65) proposed a framework for an integrated assessment (IAS) consisting of a climate system, ecosystem, and social system, which jointly produce physical, biologic, and social indicators and outcomes. Epstein (65) characterized ecosystem vulnerability in terms of the stability of populations. The IAS has applicability beyond diseases per se and is intended to guide the design of assessment tools. The IAF framework is more restricted in that it intends to describe the links between climate change and infectious diseases, but goes into greater detail in this area than Epstein's framework. Brinkmann (53) put forward a set of influence diagrams (processes linked by causeeffect arrows, similar in structure to the IAF) to frame his discussion about economic development and tropical diseases. He covered sociologic factors, such as agricultural intensification, poverty, and development. These diagrams share a partial resemblance with the IAF, but the IAF covers a broader range of relationships.
The frameworks of Martens (66) were both influence diagrams and model descriptions. The MIASMA model is a multidisciplinary integration of models characterizing global atmospheric changes, human health, autonomous developments, and responses. It is part of an overall modeling framework called TARGETS, designed for sustainable development planning. Both MIASMA and TARGETS are more general than the IAF framework in terms of health effects and add greater resolution of sociologic effects. By contrast, there is no explicit depiction of ecologic effects; instead these are subsumed within a broader biophysical compartment. A similarly integrative framework was proposed by Patz and Balbus (67) . It was designed for ecologically based human health risk assessment, and it develops integrated mathematical models based on historical analyses of climate change and disease data. Patz and Balbus' (67) approach incorporates less in the way of sociologic processes than other approaches, including the IAF.
The IAF presented in this paper is a new large-scale socioecologic model structure in which existing or newly developed models are applied to individual links or processes. This structure facilitates investigation of potential direct and indirect disease impacts resulting from particular climate change scenarios under a variety of local and regional assumptions. The framework can integrate the most recent research on each link as well as highlight the areas containing research gaps. The IAF provides the transparency required for detailed modeling as well as the transdisciplinary breadth required to address the issue.
Clearly, there remains a daunting challenge to successfully develop accurate models of the many interrelated epidemiologic, biologic, ecologic, and sociologic processes that affect the prevalence and spread of infectious diseases, and the effect of climate change on all of these factors. Because changes in infectious disease patterns and prevalence could be significant impacts of climate change, such an understanding is vital to make informed, intelligent policy decisions.
